Introduction
Estimating the Earth's undiscovered mineral resources is crucial in considering the future supply of minerals. Quantitative statistical methods can be applied to make unbiased estimates of undiscovered deposits where analogies to wellexplored areas are made (Singer and others, 2001) . Estimates of the number of undiscovered deposits can rely on analogies to similar well-explored areas in the same way that grades and tonnages of well-explored deposits serve as analogs of the grades and tonnages of similar undiscovered deposits. These statistical estimates, or base-rates, are prepared from counts of known deposits per unit area in explored regions.
In an early attempt at making quantitative estimates of undiscovered deposits, the number of ore deposits per square kilometer from several explored areas was used with the Poisson distribution to estimate the number of ore deposits existing in a relatively unexplored area (Allais, 1957) . Bliss and others (1987) described a method of using mineral-deposit densities by deposit types as a useful tool for mineral resource assessments. These statistical estimates, or base-rates, used counts of known deposits per unit area in explored regions for some deposit types. These deposit types can be used as a guide for number-of-deposits estimates: low-sulfide gold-quartz veins (Bliss and others, 1987, Bliss and Menzie, 1993) , four subtypes of volcanogenic manganese deposits (Mosier and Page, 1988) , bedded barite deposits (Orris and Bliss, 1989) , diamond kimberlite pipes (Bliss, 1992) , vein mercury (Root and others, 1992) , podiform chromite (Singer, 1994) , placer gold, kuroko massive sulfide, porphyry copper, Climax porphyry molybdenum, and wolframite quartz vein deposits (Singer and others, 2001) , and three subtypes of porphyry copper deposits (Singer and others, 2005) .
Most of these studies provide point or single estimates of the number of deposits per unit area. In some studies, these single estimates of a deposit type might represent high estimates of the number of undiscovered deposits because the studies were restricted to well-documented places with large resources and high densities of deposits. Recent studies (Singer, 1994; Singer and others, 2005) document the variability in densities in porphyry copper and podiform chromite deposit types. Frequencies of deposit densities in well-studied geologically similar regions can be used to estimate frequencies of densities of deposits in assessed regions, just as frequencies of tonnages and grades of well-explored deposits can be used to estimate grades and tonnages of undiscovered deposits. This study presents 38 control areas of deposit densities for volcanogenic massive sulfide deposits from around the world. This large number of deposit densities for volcanogenic massive sulfide deposits allows the variability of depositdensity estimates and the examination of possible effects of deposit tonnage, deposit age, and map scale on these deposit densities to be studied.
Methodology
Volcanogenic massive sulfide deposits, also referred to as volcanic-hosted massive sulfide deposits, have been variously grouped into different classes based primarily on geologic setting. Classification of the subtypes is not generally agreed upon in the scientific literature, but this study recognizes two broad subtypes of volcanogenic massive sulfide deposits, designated as kuroko-and Cyprus-type as defined by Cox and Singer (1986) . In known world resources, these deposits contain 5 percent of the world's copper, 22 percent of the world's zinc, 10 percent of the world's lead, 2 percent of the world's gold, and 9 percent of the world's silver (Singer, 1995) .
In this study, 38 control areas from around the world that contain volcanogenic massive sulfide deposits, and that are considered to be well explored, were selected for mineral-deposit density modeling. There are 31 control areas containing 145 kuroko-type deposits, 1 control area containing a mixture of 5 kuroko-type and 14 Urals-type deposits, and 6 control areas containing 25 Cyprus-type massive sulfide deposits. The kuroko massive sulfide and Cyprus massive sulfide deposit types used in the density model are defined in the descriptive and tonnage-grade models for kuroko (Singer, 1986b; Singer and Mosier, 1986b) and Cyprus (Singer, 1986a; Singer and Mosier, 1986a ) massive sulfide deposits. The Urals massive sulfide deposits provisionally used in the density model are based on recent regional studies (Herrington and others, 2005; Prokin and Buslaev, 1999) of the Urals of Russia and Kazakhstan. Descriptive and tonnage-grade models of possible subtypes of massive sulfide deposits are under active study. Using consistent models helps to avoid introduction of biases in assessments.
Kuroko-type massive sulfide deposits typically occur in marine felsic to mafic volcanic and associated sedimentary rocks that formed in or near continental margin arcs and back arcs (Singer, 1986b) . The deposits usually are formed by submarine hydrothermal activity during the waning stages of volcanism, and many are associated with local, small rhyoliticto dacitic-intrusive bodies. These deposits commonly have massive lenses of sphalerite, pyrite, chalcopyrite, and locally, galena, gold-and silver-bearing minerals, and other minor sulfides. A footwall stockwork zone of stringers and disseminations of iron-and copper-bearing sulfides accompany some massive sulfide lenses. The median tonnage of 432 deposits in the kuroko massive sulfide model is 1.5 million metric tons, and median grades are 1.3 percent copper, 2.0 percent zinc, 0.16 grams per metric ton gold, and 13 grams per metric ton silver (Singer and Mosier, 1986b) .
Urals-type massive sulfide deposits occur in marine mafic and subordinate felsic volcanic rocks formed in spreading back-arc and front-arc rift basins. The deposits are formed by submarine hydrothermal activity during the waning stages of volcanism in local depressions and mostly near small rhyolitic to dacitic subvolcanic bodies. The deposits form massive lenses of pyrite, chalcopyrite, sphalerite, and other minor sulfides. According to preliminary estimates for this study, the median tonnage for 30 Urals-type massive sulfide deposits is 18 million metric tons, and the median grades are 2.0 percent copper and 1.5 percent zinc (Herrington and others, 2005; Prokin and Buslaev, 1999) .
Cyprus-type massive sulfide deposits occur in marine mafic volcanic and associated sedimentary rocks that form along oceanic ridges or in spreading back-arc rift basins (Singer, 1986a) . The pillow basalts and diabase dikes that host the deposits form the upper part of ophiolite sequences. The deposits form massive lenses of pyrite, chalcopyrite, sphalerite, gold-and silver-bearing minerals, and other minor sulfides. A footwall stockwork zone of stringers and disseminations of sulfides accompany some massive sulfide lenses. Median tonnage for 49 deposits in the Cyprus massive sulfide model is 1.6 million metric tons, and the median copper grade is 1.7 percent (Singer and Mosier, 1986a) .
In this study, selection of density-control areas had to meet three criteria:
The area had to contain exposed volcanogenic massive sulfide deposits with tonnages and grades consistent with the grade-tonnage models for kuroko-or Cyprustype deposits. Each deposit needed to be separated from other deposits by at least 500 meters of barren rock. Exposure of the deposits had to include the weathered gossan zones, or part of the massive sulfide bodies themselves.
Permissive host rocks or hosting units needed to be shown as outcrops on geologic maps with scales no smaller than 1:2,500,000.
Surficial areas of permissive host rocks must have been well explored, and all deposits exposed at the surface must be believed to have been found. Although it was not necessary that the control area be completely explored, it was important that the proportion of the number of exposed deposits and areas explored be estimated.
To determine the size of the permissive control areas, the geologic maps were scanned and imported into MapInfo TM v. 4.0. The geologic contacts were digitized as polygons and the areas were computed in square kilometers.
Deposit densities were computed by dividing the number of exposed deposits by the permissive area for the occurrence of the deposit type. Densities were normalized to 100,000 square kilometers in order to present the data as whole numbers of deposits, rather than as fractions of deposits, and to make the numbers compatible with densities recently published for other deposit types. The control-area data used in this study are presented in Hussey, and Boone, 1985; Rodgers, 1985; Zen and others, 1983; Lyons and others, 1997 Ashland, Alabama, USA Precambrian (Algonkian) Ashland amphibolite Stone, 1926 Betts Cove, Newfoundland, Canada
Ordovician Betts Cove and Lush Bight Group Kean, Dean, and Strong, 1981 Big Mike, Nevada, USA Pennsylvanian Pumpernickel Fm Johnson, 1977; Stewart, McKee, and Stager, 1977; Willden and Speed, 1974; Willden, 1964 Binghampton, Arizona, USA Precambrian Spud Mountain Volcanics (andesite breccia unit) Blacet, 1972a, 1972b Buchans, New Brunswick, Canada
Ordovician Buchans and Roberts Arm Group Kean, Dean, and Strong, 1981 Castine, Maine, USA Silurian-Devonian Castine Fm and equivalent unnamed unit Osberg, Hussey, and Boone, 1985
Chestatee, Georgia, USA Upper Precambrian Amphibolite (mm1) Lawton and others, 1976 Copper Hill, California, USA Jurassic Copper Hill Volcanics Kemp, 1982; Strand and Koenig, 1965; Saucedo and Wagner, 1992; Wagner, Bortugno, and McJunkin, 1990; Wagner and others, 1981; Strand, 1967 Dominican Republic Cretaceous Maimon Fm and Amina Schist Blesch, 1967 East Shasta, California, USA Permian Bully Hill Rhyolite Albers and Robertson, 1961; Fraticelli and others, 1987 Flin Flon-Snow Lake, ManitobaSaskatchewan, Canada
Precambrian Amisk Group Manitoba Mineral Resources Division, 1980; Whitaker and Pearson, 1972 Gopher Ridge, California, USA Jurassic Gopher Ridge Volcanics and Western Volcanics Kemp, 1982; Strand and Koenig, 1965; Saucedo and Wagner, 1992; Wagner, Bortugno, and McJunkin, 1990; Wagner and others, 1981; Strand, 1967 Hawley-Bernard, MassachusettsVermont, USA
Ordovician Hawley Fm and Bernard Volcanics Zen and others, 1983; Doll and others, 1961 Hillabee, Alabama-Georgia, USA Post-Carboniferous Hillabee Schist (Alabama), Mafic Schist-Amphibolite Schist-Amphibolite (ms2, Georgia) Lawton and others, 1976; Stone, 1926 Hokoruku, Japan Middle Miocene felsic volcanic rocks Singer and others, 2001 Iberian Pyrite Belt, Spain-Portugal Devonian-Carboniferous VolcanoSedimentary Complex
Instituto Geológico y Minero de España, 1970a España, , 1970b España, , 1970c Oliveira and others, 1984; Oliveira and others, 1989 Jerome (Ogura, 1974) . However, on the geologic map by Ishida, Mimura, and Hiroshima (1991) that was used to delineate the control area, the permissive Kunitomi Formation could not be separated from the nonpermissive Ohiragawa, Shibaribetsugawa, and Furubira formations because all four units were combined as a single unit on the map.
The Rudny-Altai volcanic arc, extending from Kazakhstan and southwestern Russia into northwestern China, is a Devonian bimodal suite of volcanic rocks that hosts many volcanogenic massive sulfide deposits. The control area delineated in the Rudny-Altai was based on Devonian units that included both volcanic and undifferentiated rocks on the geologic maps for Russia (Nalivkin and Sokolov, 1983) and China (Zhefu and others, 1985) .
By using the geologic map of Nalivkin and Sokolov (1983) for the Russian Urals, the control area was delineated around Silurian and Lower to Middle Devonian volcanic and undifferentiated rocks that host important volcanogenic massive sulfide deposits. These deposits are classified in the Russian literature as Urals-and (or) Baimak-type (kuroko) deposits that are associated with bimodal volcanic arcs (Prokin and Buslaev, 1999) . There were probably multiple volcanic arcs in the Urals that were active during the Silurian to Middle Devonian. These units were combined into a single control area for this study because of the uncertainty of the ages of some of the hosting rock units. The map of the Southern Urals by Shatov and others (2001) was used primarily to verify the locations of the deposits and their hosting units.
In the Snake River area of Oregon and Idaho, the Permian Hunsaker Creek Formation of Vallier (1974) , with some modifications to the geologic map of Oregon of Walker and McLeod (1991) , was delineated as permissive for volcanogenic massive sulfide deposits. The equivalent formation in Idaho is the Permian-Triassic Seven Devils volcanic rocks (Gaston and Bennett, 1979; Bond and others, 1978) . Walker and McLeod (1991) reduced the extent of the Hunsaker Creek Formation in the Wallowa Mountains, Oregon, where some rocks of the Hunsaker Creek Formation west of Homestead were reassigned to the Triassic-Jurassic Hurwal Formation. In the Oxbow along Indian Creek south of Homestead, Oregon, Walker and McLeod (1991) also reassigned the OxbowCuprum shear zone of Vallier (1974) to the Hunsaker Creek Formation.
Deposit densities for the Sierra Nevada, California; Tasmania, Australia; Snow Lake, Canada; and the island of Cyprus are refined here from Singer and others (2001) . The largest change is in the Snow Lake area, where the size of the permissive Amisk Group was increased by the addition of the Flin Flon area. This significantly decreased the deposit density for the Flin Flon-Snow Lake area, resulting in a more realistic density value for the Amisk Group (table 1) .
Delineation of Control Areas
From data in the descriptive deposit models mentioned previously, kuroko massive sulfide deposits can be expected to be found in marine rhyolitic-to andesitic-volcanic rocks associated with island arcs, and Cyprus massive sulfide deposits can be expected to be found in pillow basalts associated with oceanic spreading ridges. In order to use these models for mineral resource assessments, geologic maps that show the permissive rocks for these deposits must be found. Permissive rocks for volcanogenic massive sulfide deposits are the volcanic or sedimentary rocks that host most ore bodies because the deposits are conformable with the host rocks. These rocks should be delineated as permissive.
The immediate hosting rocks, however, are often lenses or thin layers within a thicker sequence of volcanic and sedimentary rocks and are not differentiated on most geologic map scales. Larger scale maps may show these rock units in greater detail, but larger scale maps are not always available for consistent delineation of control areas, or for delineating permissive tracts in assessments. Smaller scale maps frequently generalize the rock units of relevance into broader rock categories or ages. Grouping these generalized rock sequences results in including rocks that are not considered permissive, thereby increasing the size of the permissive area, which in turn lowers deposit densities.
Other situations may include rock units that conceal permissive rocks, younger intrusive bodies, and water bodies that cover permissive rocks within the polygon of permissive units. Attention was taken to the extent possible to exclude any of these nonpermissive units shown on the map.
The second column in table 2 lists the volcanic rock units or formations that were delineated for the control areas after the data were adjusted for cover or rocks that are not permissive. Special treatment and further explanation of some of the control areas are discussed in more detail below where some effects of assignment of rocks, ages, or affiliations are examined.
The 1962 geologic map of British Columbia, Canada (Little, 1962) , that was used for three control areas, exemplifies a common problem encountered when using a small-scale map that contains out-of-date information. In the Kutcho Creek control area, Little's map displays the permissive rocks for the Kutcho Creek massive sulfide deposit as the Lower to Middle Jurassic Maude Formation, consisting of sedimentary and volcanic rocks. Childe and Thompson (1997) , however, have reassigned these rocks to the Kutcho Assemblage of Permian to Triassic age. The Maude Formation (table 2) was, therefore, delineated for the permissive area as it closely approximates the extent of the Kutcho Assemblage, but the age of the deposit has been assigned to Triassic rather than Jurassic age ( Figure 1 . Histogram of volcanogenic massive sulfide deposit densities per 100,000 square kilometers for 38 control areas used in this study.
Erosion and Densities
It is reasonable to assume that erosion would affect sizes and densities of volcanogenic massive sulfide deposits. If exposure to erosion over time removed deposits, there should be a lower density of deposits in older control areas. If parts of deposits were removed by erosion or tectonics over time, there also should be smaller deposits in older control areas. Deposit densities of volcanogenic massive sulfide deposits were compared to deposit ages to determine if they are related. Deposit densities, however, are not significantly correlated with deposit age (r = 0.17, n = 38). This lack of correlation is also supported by the observations in this study that indicate younger deposits are not larger in tonnage than older deposits (r = -0.006, n = 189). Thus, erosion over time has no measurable effect on the size or deposit densities of volcanogenic massive sulfide deposits. Similar observations were made with porphyry copper deposits (Singer and others, 2005) . Thus, we reject the hypothesis that deposit densities decrease through time. Effects of erosion cannot be demonstrated by diminished sizes of volcanogenic massive sulfide deposits or by lower deposit densities through time.
Map Scales and Densities
The scale of a geologic map may affect the extent of the permissive rocks. As already mentioned, small-scale maps tend to generalize rock units by combining permissive rocks with nonpermissive rocks, that is, combining felsic volcanic rocks with mafic volcanic rocks. Some small-scale maps may display rocks by geologic age rather than by rock type. For example, the geologic map of the Urals of Russia used in this study (Nalivkin and Sokolov, 1983) combines the volcanic and sedimentary rocks into undifferentiated Silurian or Devonian units. Furthermore, because of the uncertainty of the rock ages around some of the volcanogenic massive sulfide deposits, it was sometimes necessary to combine two age units into a single permissive area. Thus the delineation of the Urals by using a map scale of 1:2,500,000 probably results in overestimation of the permissive area, which is expected when using small-scale geologic maps and is likely to result in a smaller mineral-deposit density value. In resource assessments, small-scale maps are commonly the only geologic maps available, therefore, lower mineral-deposit density estimates can be expected.
Deposit density is inversely correlated with map scale (significant at one percent level, r = -0.63, n = 38; fig. 2 ). Map scales used in this study range from 1:24,000 to 1:2,500,000. Control areas based on small-scale maps typically contain rocks that are not permissive for volcanogenic massive sulfide deposits, which results in lower deposit densities. Larger scale, more detailed maps are more likely to have excluded areas of nonpermissive rocks resulting in higher deposit densities. Although it might be possible to develop mineral deposit densities from larger scale maps that have more detailed mapping, in applying densities in assessments, such detailed maps are frequently not available. This inverse relationship is inherent The Hokuroku district, Japan, was added to the data set for this study from data in a previous study by Singer and others (2001) . The deposit density for the Hokuroko district is based on eight deposits in the 900-square kilometer basin underlain by Middle Miocene felsic volcanic rocks and overlain mostly by younger sediments. Because the basin has been extensively drilled, with little chance of finding new deposits near the drilling, it was included as part of the control area.
Volcanogenic Massive Sulfide Deposit Densities
The number of exposed volcanogenic massive sulfide deposits in each control area, adjusted for cover, provides the deposit densities per 100,000 square kilometers listed in table 1. A comparison of the deposit densities between the kuroko (plus Urals) and Cyprus massive sulfides using the t test demonstrates that there is not a significant difference in their densities, so all subtypes are combined in this study and are hereinafter referred to as volcanogenic massive sulfide deposits.
A histogram of volcanogenic massive sulfide deposit densities ( fig. 1) shows a skewed distribution similar to those documented for podiform chromite deposits (Singer, 1994) and porphyry copper deposits (Singer and others, 2005) . In such skewed distributions, a few high densities affect the mean density. Although the mean is one measure of central tendency, the median is often a preferable measure in such skewed distributions because it is less affected by a few extreme sample values.
Probabilistic estimates of deposit densities can be made that are not affected by the few high values. A frequency distribution of log densities provides the probabilistic estimates. In table 1, 90 percent of the control areas have densities of 100 or more volcanogenic massive sulfide deposits per 100,000 square kilometers, 50 percent have densities of 700 or more deposits per 100,000 square kilometers, and 10 percent have densities of 3,700 or more deposits per 100,000 square kilometers. However, there may be factors that allow refinement of these estimates as discussed below. 1,000 2,000 3,000 4,000 5,000 6,000 7,000
in the rules used to define control areas, which depend on map scale and information content.
Area and Densities
Control areas in this study range in size from 24 to 82,000 square kilometers and contain at least one exposed volcanogenic massive sulfide deposit. Typically, control-area sizes represent the extent of exposed rocks permissive for volcanogenic massive sulfide deposits. As noted above, control areas with larger sizes may contain some nonpermissive rock units because of the way the units are generalized on the map, resulting in lower deposit-density values. Control areas with smaller sizes are more likely to contain only rock units permissive for volcanogenic massive sulfide deposits, thus resulting in higher deposit densities. Mineral deposit densities are inversely related to the size of the permissive control areas ( fig.  3 ; significant at the one percent level, r = -0.8, n = 38). This relationship suggests the size of the permissive area can be used directly to estimate the number of deposits similar to the way podiform chromite deposits (Singer, 1994) and porphyry copper deposits were evaluated (Singer and others, 2005) .
Estimates of the number of volcanogenic massive sulfide deposits can be made from figure 4 by using the permissive area on the X-axis projected to the 90-percent confidence limit for a lower estimate of the number of deposits, to the regression line for the 50-percent estimate, and to the 10-percent confidence limit for an upper estimate. The linear regression line and confidence limits to estimate the number of deposits for individual permissive areas are based on 38 control areas. For more precise estimates than can be shown in the log-log plot, the following two equations are provided:
Where, area is the area that is permissive in square kilometers, the mean area is 2.637, t (Student's t at the 10-percent level with 36 degrees of freedom, t 10,36df ) is 1.688, s y|x (standard ), and the 10th percentile estimate would be 48 deposits-these estimates can be approximated from figure 4. These estimates represent the total number of volcanogenic massive sulfide deposits in a permissive tract of 22,900 square kilometers, and any discovered deposits would need to be subtracted to estimate the number of undiscovered deposits.
Summary and Conclusions
A mineral deposit-density model provides frequencies of deposits per square kilometer in well-explored permissive terranes. Frequencies of deposit densities for a deposit type allow reasonable probabilistic estimates of undiscovered deposits to be made in geologically similar, relatively unexplored terranes. Such models, developed for particular deposit types, can be used to estimate the number of undiscovered deposits of that type in resource assessments.
Because this model is derived from well-explored volcanogenic massive sulfide deposits that occur at the surface, it should be applied to estimates of undiscovered deposits at the surface, not at depth, in similar geologic environments. The effect of this limitation is not known with certainty. In some locations there appear to be multiple horizons containing volcanogenic massive sulfide deposits, for example, Mount Read Volcanics, Tasmania (Large and others, 2001) . Where multiple horizons are suspected in an assessment the best policy would seem to be to apply the density models to each horizon.
The volcanogenic massive sulfide deposit-density model was constructed from 38 areas from around the world that are known to contain at least one deposit that is consistent with the descriptive models and the grade and tonnage models for kuroko or Cyprus massive sulfide deposits. Deposits selected in these control areas are exposed at the surface, and the areas of permissive rock exposed at the surface are well explored, such that there is little or no chance of finding additional deposits at the surface. The permissive area should represent only the hosting units, and all nonhosting units or cover material within the permissive areas should be excluded to the extent possible. The level of geologic mapping and map scale affect the final size of the permissive area resulting in lower deposit densities for areas mapped at smaller scales and for larger areas that may contain nonpermissive rocks that cannot be differentiated. Thus, it is important to use the most detailed geologic map available (large-scale map) when delineating permissive areas in order to improve the precision of number-of-deposit estimates.
Deposit densities are computed by dividing the number of exposed deposits in the control area by the area of permissive rock per square kilometer. Density values multiplied by the arbitrary unit area, 100,000 square kilometers, present the densities as integers rather than as decimals. Kuroko and Cyprus massive sulfide deposit types show no difference in mineral deposit densities, so they have been combined in this study.
The data for this study indicates that 90 percent of the control areas have densities of 100 or more deposits per 100,000 square kilometers, 50 percent of the control areas have densities of 700 or more deposits per 100,000 square kilometers, and 10 percent of the control areas have densities of 3,700 or more deposits per 100,000 square kilometers. A plot of the log number of deposits and the log areas for the 38 control areas produces a regression line and confidence bands that can be used to estimate the number of deposits at the 50th, 10th, and 90th probability levels, given the area of permissive rock in a mineral resource assessment.
This study provides a powerful tool for estimating the number of undiscovered volcanogenic massive sulfide deposits in resource assessments. The value of these densities derives in part from the consistency of these models with the grade and tonnage and the descriptive models. Combined with grade and tonnage models, reasonable estimates of the number, tonnage, and grades of volcanogenic massive sulfide deposits can be made.
